The heat-induced gelation properties of myosin in low salt concentration were studied. Freshly prepared myosin formed gels with an extremely high rigidity in 0.1 to 0.3m KC1 at pH 6.0 on heating. This high heat-induced gel formability of myosin filaments diminished during storage, concomitant with the loss of the filament formability inherent in the native myosin. Presumably intermolecular aggregation was the cause of this loss during storage. The difference in the heatinduced gelation of myosin filaments at a low salt concentration (0.2 m KC1)and that of myosin monomersat a high salt concentration (0.6 m KC1)was clearly.distinguishable from their gelling behavior. The high gelation ability of freshly prepared myosin filaments upon heating seems to develop through the interfilamental head-head aggregation on the surface of the filaments without involving the tail portion of the molecule.
Skeletal muscle myosin in salt solution (i.e., 0.6m NaCl or KC1) forms a gel upon heating. It is well known that the heat-induced gelation ofmyosin plays a decisive role in the development of binding properties of meat products such as sausages.1* The salt added in the commercial production of meat products is commonlyat a concentration range between 2.0 and 3.0%. Molar concentrations calculated from these percentages gives 0.47~0.68 molarities, assuming that skeletal muscle contains 75% water. At this salt concentration range, myosin molecules are released from thick filaments of the myofibrils and disperse in the solution largely as monomers.Most earlier studies2~7) on the heat-induced gel formability of myosin have also been carried out in salt solutions of 0.5~0.6m in which myosin molecules exist as monomeric species.8~10) We have studied the heat-gelling properties of myosinn '12) as well as the effects of actin and regulatory proteins13~16) on gelation of myosin in 0.6m KC1. In some our recent work,12) we have already reported that freshly prepared myosin formed a gel with an extremely high rigidity on heating at 0.1~0.3m KC1, a salt concentration range in which it is in the form offilaments,8~10) and that this gel-forming ability disappeared gradually with storage time. It was suggested that the loss of the gel formability might be correlated with the changes in the filament formability of myosin during storage. In this paper, the heat-gelling properties of myosin at a low salt concentration (0.2 m KC1) and the changes in physicochemical properties of myosin during storage are reported. Several newfeatures have been found in the heatinduced gelation of myosin (filament or selfassociated type myosin) in low salt media. * This work was supported by a Grant-in-Aid for Scientific Research (Project No. 5843002, 1983) Reagents. ATP, DTT, and PMSFwere purchased from Sigma Chemical Co., Ltd. All other chemicals used were of the highest purity.
Proteins. Myosin was prepared essentially as described by Perry17) from rabbit muscles (hind leg and back). The prepared myosinwas either used soon after preparation for gelation studies at different concentrations ranging from 0.1 to 0.6m KC1 or kept in 0.6m KC1 for storage study. The pH of the KC1 solution and storage temperature were always 6.5 and 0°C unless otherwise mentioned. The concentration of protein in the gelation study was always maintained at 4.5 or 5.0mg/ml. Actin was extracted from acetone-treated dried muscle powder with a cold solution containing 0. Gelation. The gelation of myosin was measured using the band type viscometer reported earlier.11}
RESULTS

Effect of storage
The data presented in Fig. 1 The stored myosin exhibited significantly reduced solubility at low salt concentrations (0.1 -0.3 m), although its solubility at high salt concentrations ( >0.3 m) remained equivalent to that of freshly prepared myosin. However, the solubility characteristics of myosin do not seem to correlate with its gel formability, especially at high salt concentration.
Effects of temperature, pH and DTT Figure 2 depicts the gelation profiles of freshly prepared myosin on heating in 0.2m KC1(in the presence and absence of the disulfide linkage cleaving agent DTT), as compared to those in 0.6m KC1. The gelation profile of myosin in 0.2m KC1 at pH 6.0 was quite distinct from that in 0.6m KC1. Myosin in 0.2m KC1 at pH 5.0 developed a substantial rigidity even at 20°C and attained its maximumvalue at about 60°C, whereas myosin in 0.6m KC1 attained far less values at corresponding temperatures. Besides, the presence of DTTin the system did not produce any effect on the gelation rate of myosin in 0.2 m KC1, but it greatly depressed the gelation profile of myosin in 0.6m KC1, especially at high temperatures ( > 30°C). Its effect seems to be independent of the pHvalue of the system. However, the influence of pH on rigidity appears to be affected by the ionic strength of system. reported to enhance the heat-induced gel formability of myosin in 0.6m KC1 by forming actomyosin complexes in the system.13~15) However, the data in Fig. 4 , show that the addition of actin to the system in 0.2m KC1 progressively inhibited the gelation of myosin. This may imply that the mechanism for the network formation by the filament myosin system is different from that of the monomer myosin system, and that the association of Factin with myosin heads plays a dominant role in this inhibitory effect. The addition of ATPin the system also instantly caused a drastic decrease in the rigidity (Fig. 5) . However, the suppressing effect ofATP on the gelation offresh myosin in 0.2 m KC1 diminished with time of incubation at 25°C before heating. The restoration of the rigidity to the initial value clearly paralleled the liberation of Pi from ATPduring incubation. After complete hydrolysis of the added ATP, the suppressing effect of ATPon gel-strength completely leveled off (Fig. 5 ).
It may also be emphasized that the addition of pyrophosphate whose effect on the heatinduced gelation of myosin in 0.6m KC1 is known to be similar to that of ATP, 14) showed no adverse effect on the gelation of myosin in 0.2m KC1, nor did the presence ofADP in the system have any influence. These results imply that this inhibitory effect is ATP-specific and may be closely related to complex formation at the enzymic active site(s) of the myosin head with ATP.
The rigidity values attained by the addition For ascertaining the validity of this proposition another experiment was designed to examine the effect of added Factin and ATPon gelation of myosin in 0.2m KC1. The inhibitory effect of actin on gelation of myosin was again quite obvious (Fig. 6) . Surprisingly, the effect of ATPwas additive in preventing the gelation of myosin in the presence of actin. It was expected that in the presence of ATP, at least the inhibitory effect of actin on myosin gelation would be eliminated, although the actin-induced inhibition could reappear again as ATPis hydrolyzed to ADPand Pi with incubation at 25°C before heating. These expectations were based on the fact that ATP prevents actomyosin complex formation and brings about dissociation of this complex. Figure 6 shows that as ATPwas hydrolyzed to the level as low as about 1/3-å 1/4 of the initial concentration, the rigidity value once suppressed by ATP (~1,000dyn/cm2) was rapidly restored to the initial value (~5,000 dyn/cm2).
Changes in physicochemical properties Figure 1 showed that the heat-induced gel formability of stored myosin (at 0°C) gradually diminished with time and lost completely in about 2 weeks. On storage at higher temperatures such as 25°C, the gel formability of myosin was lost even within 10hr. This suggests that the rate of loss in the gel formability of myosin in 0.2m KC1 is temperature-dependent. Figure 7 presents the result of parallel experiments on the solubility, actin-activated Mg2+-ATPase and EDTAATPase activities of myosin, stored in 0.6m KC1 (pH 6.5) and at 25°C. Changes in solubility of myosin always preceded the decrease in the gelation strength in low salt concentrations. The rate of decrease in actin-activated Mg2+-ATPase activity of myosin was relatively slower than that of solubility and rigidity.
But EDTA-ATPase activity showed little change during storage.
Changes in fluorescence, light scattering intensity, and viscosity of myosin incubated under the same conditions are shown in Fig. 8 . Although fluorescence intensity did not change, light scattering intensity and viscosity showedremarkable increases corresponding to the decline in solubility and gel formability of myosin (Fig. 7) .
DISCUSSION
It is accepted that isolated myosin forms uniform thick filaments in low salt concentrations (<0.3m KC1)8'9) of the same size as those of myofibrils at physiological ionic strength, but myosin disperses as monomers in solutions of ionic strength greater than 0.4. The results in Fig. 1 suggest that the interactions which occur in the heat-induced gelation of the myosin filaments at low salt concentrations are different from those which are responsible for the gelation of myosin monomersin high salt concentrations. The heat-induced gel formability of myosin monomers was not affected by storage of myosin samples in a high salt solution (0.6m KC1, pH 6.5). On the other hand, the gel-forming ability of myosin filaments in low salt concentrations was extremely high within 24 hr after preparation of the myosin, but decreased rapidly with ATPreassociate to superprecipitate (contract).
Since the actin binding sites as well as the enzymic active sites are located in the "head" region ofmyosin,10'23) it may well be presumed from the specific inhibitory effect of actin (Fig.   4 ) and ATP (Fig. 5) on the heat-induced gelation of myosin filaments that both these sites may be involved in the interfilamental head-head interactions for network formation in the system upon heating. The specific binding of actin and ATPto the "head" makes the condition unfavorable for head-head interactions between myosin filaments. The results in and gel formability (data are not shown here for brevity). The presence of PMSF,an inhibitor for serine proteases, in myosin preparation during incubation did not prevent the loss in gel formability of myosin filament (Fig. 7) . In the case of smooth muscle, phosphorylation and dephosphorylation of the P-light chain regulate the filament formability of myosin.27* Since the DTNB-light chain of skeletal muscle can also be phosphorylated28) and the DTNB-light chain in our myosin preparation was in the unphosphorylated form, we also examined the effects of phosphorylation of DTNB-light chain on the gelation of myosin filament. The results obtained, however, have indicated that phosphorylation of the DTNBlight chain has no influence on the gelation of myosin filaments (data are not shown here). Thus, what causes a rapid fall in the gel formability of myosin filaments during storage remains to be elucidated. The changes in light scattering intensity and viscosity of myosin preparations on incubation implicate the formation of aggregates without the exposure of hydrophobic residues of the myosin molecules (Fig.  8) . Denaturation studies24'29* on myosin reported previously have demonstrated that the aggregation of the head portion of myosin molecule in solution at high salt concentration took place at such relatively low temperature as 35°C. The loss of the characteristic filament formability (~1.5/mi long) of the stored myosin during incubation followed by the depression in heatinduced gel formability of myosin filaments may be ascribed to the progressive polymerization of myosin monomers.It is to be emphasized that the heat-induced gelling properties of the myosin filaments observed in this study may provide a clue to elucidate quality characteristics of unsalted cooked meat, because the state of the thick filaments and interactions between thick and thin filaments in the myofibrils of meat is considered to play a key role in determining the functional properties of meat.
